University of South Alabama

JagWorks@USA
Undergraduate Theses

Honors College

2021

Understanding the Behavior of Ionic Liquids in Poly (Methyl
Methacrylate) Through Molecular Dynamics
Alejandro Gallegos Tovar
University of South Alabama

Follow this and additional works at: https://jagworks.southalabama.edu/honors_college_theses
Part of the Chemical Engineering Commons

Recommended Citation
Tovar, Alejandro Gallegos, "Understanding the Behavior of Ionic Liquids in Poly (Methyl Methacrylate)
Through Molecular Dynamics" (2021). Undergraduate Theses . 12.
https://jagworks.southalabama.edu/honors_college_theses/12

This Undergraduate Thesis is brought to you for free and open access by the Honors College at JagWorks@USA. It
has been accepted for inclusion in Undergraduate Theses by an authorized administrator of JagWorks@USA. For
more information, please contact jherrmann@southalabama.edu.

THE UNIVERSITY OF SOUTH ALABAMA
COLLEGE OF ENGINEERING
UNDERSTANDING THE BEHAVIOR OF IONIC LIQUIDS IN POLY(METHYL
METHACRYLATE) THROUGH MOLECULAR DYNAMICS
BY
Alejand o Gallego To a

A The i
S bmi ed o he G ad a e Fac l of he
Uni e i of So h Alabama
in pa ial f lfillmen of he
e i emen fo he deg ee of
Bachelo of Science
in
Chemical Enginee ing
Ma 2021
App o ed:

Da e:

05/05/2021
________________________________________________________________________
Chai of The i Commi ee: B ook D. Rabidea , PhD
5/5/2021
________________________________________________________________________
Commi ee Membe : Ke in N. We , PhD

05/05/2021
________________________________________________________________________
Commi ee Membe : Ch i W. We , PhD
05/05/2021
________________________________________________________________________
Hono College Rep e en a i e: Alan Sell

i

UNDERSTANDING THE BEHAVIOR OF IONIC LIQUIDS IN POLY(METHYL
METHACRYLATE) THROUGH MOLECULAR DYNAMICS

A Thesis
Submitted to the Graduate Faculty of the
University of South Alabama
in partial fulfillment of the
requirements for the degree of
Bachelor of Science
in
Chemical Engineering

by
Alejandro Gallegos Tovar
May 2021

ii

ACKNOWLEDGEMENTS

I would like to thank the Chemical and Biomolecular Engineering faculty from
the University of South Alabama. The Chemical Engineering Department has offered me
infinite academic and leadership opportunities and has guided me in the best way
possible through my undergraduate degree. I would also like to thank Dr. Brooks
Rabideau for being my mentor and guide through my undergraduate research. Thanks to
my research experience, I feel prepared and able to succeed in my future goals, which
include obtaining a PhD. This past four years could not have been any better, I will never
forget the connections and knowledge that I have gathered on this journey. I would also
like to thank my mother Ana, my father Carlos, and my brother Carlos for always being
there when I needed them, for facing the immigration challenge with me, and for
supporting me on every single decision I have made. Lastly but not less important, I
would like to thank my girlfriend Randi Swanson for always been there unconditionally
supporting me.

iii

TABLE OF CONTENTS

Page
LIST OF ABBREVIATIONS ............................................................................................ vi
LIST OF TABLES ........................................................................................................... viii
LIST OF FIGURES ........................................................................................................... ix
ABSTRACT.........................................................................................................................1
CHAPTER I - INTRODUCTION .......................................................................................2
1.1 Ionic Liquids ............................................................................................................2
1.2 Ionogels ....................................................................................................................4
1.3 Background and Purpose .........................................................................................6
CHAPTER II – METHODS ...............................................................................................8
2.1 Simulation Details ...................................................................................................8
2.2 Parameters ..............................................................................................................11
CHAPTER III – RESULTS AND DISCUSSIONS...........................................................16
3.1 Visual Representations...........................................................................................16
3.1.1 Infinite Dilution of Polymer .....................................................................16
3.1.2 Equal Concentration of Polymer/Ionic Liquid ..........................................19
3.1.3 75% Concentration of Polymer over Ionic Liquid ....................................21
3.1.4 Infinite Dilution of Ionic Liquid ...............................................................23
3.2 Parameter Evaluation .............................................................................................25
3.2.1 Radius of Gyration .....................................................................................25
3.2.2 Radial Distribution Functions ....................................................................28
3.2.3 Spatial Distribution Functions ...................................................................30
3.2.4 Weak Hydrogen Bonding ..........................................................................32
3.2.5 Cluster Characterization ............................................................................34
3.2.6 Flory-Huggins Thermodynamic Model .....................................................42

iv

CHAPTER IV - CONCLUSIONS .....................................................................................44
REFERENCES ..................................................................................................................46
APPENDIX ........................................................................................................................48
Appendix A: Visual Representations ..................................................................48
Appendix B: Radius of Gyration ........................................................................64
Appendix C: Radial Distribution Functions .......................................................65
Appendix D: Weak Hydrogen Bonding..............................................................67
Appendix E: Cluster Characterization ................................................................68

v

LIST OF ABBREVIATIONS

Abbreviation

Meaning

PMMA

poly(methyl methacrylate)

BMIM

1-butyl-3-methylimidazolium

EMIM

1-ethyl-3-methylimidazolium

BF4

tetrafluoroborate

NTf2

bis(trifluoromethanesulfonyl)imide

PF6

hexafluorophosphate

TfO

trifluoromethanesulfonate

Cl

chloride

OPLS-AA

Optimized Potential for Liquid Simulations – All Atoms

LAMMPS

Large-scale Atomic/Molecular Massively Parallel Simulator

NPT

Isothermal Isobaric Ensemble

RDF

Radial Distribution Function

SDF

Spatial Distribution Function

vi

LIST OF TABLES

Table

Page

Table 2.1. Detailed breakdown of the simulations in this study. ......................................11

i

LIST OF FIGURES

Figure

Page

Figure 1.1 Structures of Ionic Liquids. ...............................................................................3
Figure 1.2. Polymer Based Ionogel. ...................................................................................5
Figure 2.1. OPLS-AA Inter and Intra molecular forces calculation. ..................................9
Figure 2.2. Chemical structure of (a) the repeat unit of PMMA, (b) BMIM, (c) Cl, (d)
PF6, (e) TfO and (f) NTf2. .....................................................................................................9
Figure 2.3. Radius of gyration (Rg) for a PMMA molecule. ............................................12
Figure 2.4. Coordination number of 8 for the central atom. .............................................14
Figure 2.5. F-H theorem. ...................................................................................................14
Figure 3.1. PMMA shown 1% PMMA 99% [BMIM][Cl]. ..............................................18
Figure 3.2. PMMA shown for 1% PMMA 99%[BMIM][NTf2].......................................18
Figure 3.3. PMMA shown for 1% PMMA 99%[BMIM][PF6]. ........................................18
Figure 3.4. PMMA shown for 1% PMMA 99%[BMIM][TfO]. .......................................18
Figure 3.5. IL shown for 50% PMMA 50%[BMIM][Cl] (front side). .............................20
Figure 3.6. IL shown for 50% PMMA 50%[BMIM][NTf2] (front side). .........................20
Figure 3.7. IL shown for 50% PMMA 50%[BMIM][PF6] (front side). ...........................20
Figure 3.8. IL shown for 50% PMMA 50%[BMIM][TfO] (front side). ..........................20
Figure 3.9. IL shown for 75% PMMA 25%[BMIM][Cl] (front side) ..............................22
Figure 3.10. IL shown for 75% PMMA 25%[BMIM][NTf2] (front side) ........................22
Figure 3.11. IL shown for 75% PMMA 25%[BMIM][PF6] (front side). .........................22
Figure 3.12. IL shown for 75% PMMA 25%[BMIM][TfO] (front side). .......................22

ii

Figure 3.13. IL shown for 99% PMMA 1%[BMIM][C]. .................................................24
Figure 3.14. IL shown for 99% PMMA 1%[BMIM][NTf2]. ............................................24
Figure 3.15. IL shown for 99% PMMA 1%[BMIM][PF6] . .............................................24
Figure 3.16. IL shown for 99% PMMA 1%[BMIM][TfO]. .............................................24
Figure 3.17. Radius of Gyration for PMMA for Infinite Polymer Dilution. ...................26
Figure 3.18. Radius of Gyration for PMMA for a 75% PMMA 25% ionic liquid
composition ........................................................................................................................27
Figure 3.19. RDF between polymer – anion for a 75% PMMA 25% ionic liquid
composition ........................................................................................................................28
Figure 3.20. Interactions sites ...........................................................................................29
Figure 3.21. Spatial Distribution Function between the anions and PMMA ....................30
Figure 3.22. Hydrogen bond probability between the anion and the polymer for 75%
PMMA concentration.........................................................................................................32
Figure 3.23. Hydrogen bond probability between the anion and the polymer for 99%
PMMA concentration.........................................................................................................32
Figure 3.24. Relationship between probability and the coordination number for a
1%PMMA 99%[BMIM][NTf2] (left) and [BMIM][PF6] (right) .......................................34
Figure 3.25. Relationship between probability and the coordination number for a
50%PMMA 50%[BMIM][NTf2] (left) and [BMIM][PF6] (right). ....................................36
Figure 3.26. Relationship between probability and the coordination number for a
75%PMMA 25%[BMIM][NTf2] (left) and [BMIM][PF6] (right) .....................................38
Figure 3.27. Largest cluster divided by the number of ions for different PMMA mass
concentrations. ...................................................................................................................39

iii

Figure 3.28. Average cluster size divided by the number of ions for different PMMA
mass concentrations. ..........................................................................................................40
Figure 3.29. Average number of clusters for different PMMA mass concentrations. ......40
Figure 3.30. Energy of mixing as a function of PMMA mol concentration. ....................42
Figure 3.31. Zoom in on Figure 3.26. ...............................................................................42
Figure A.1. Whole system shown for 1% PMMA 99%[BMIM][Cl] ...............................48
Figure A.2. Full system shown for 1% PMMA 99%[BMIM][NTf2] ...............................48
Figure A.3. Full system shown for 50% PMMA 50% [BMIM][Cl] ................................49
Figure A.4. PMMA shown for 50% PMMA 50%[BMIM][Cl] ........................................49
Figure A.5. IL shown for 50% PMMA 50%[BMIM][Cl] (back side) ..............................50
Figure A.6. Full system shown for 75% PMMA 25%[BMIM][Cl] .................................50
Figure A.7. PMMA shown for 75% PMMA 25%[BMIM][Cl] ........................................51
Figure A.8. IL shown for 75% PMMA 25%[BMIM][Cl] (back side) ..............................51
Figure A.9. Full system shown for 99% PMMA 1%[BMIM][Cl] ...................................52
Figure A.10. Full system shown for 50% PMMA 50%[BMIM][NTf 2] ...........................52
Figure A.11. PMMA shown for 50% PMMA 50%[BMIM][NTf2] ..................................53
Figure A.12. IL shown for 50% PMMA 50%[BMIM][NTf2] (back side) .......................53
Figure A.13. Full system shown for 75% PMMA 25%[BMIM][NTf 2] ..........................54
Figure A.14. PMMA shown for 75% PMMA 25%[BMIM][NTf2] .................................54
Figure A.15. IL shown for 75% PMMA 25%[BMIM][NTf2] (back side) .......................55
Figure A.16. PMMA shown for 99% PMMA 1%[BMIM][NTf2] ...................................55
Figure A.17. IL shown for 1% PMMA 99%[BMIM][PF6] ..............................................56
Figure A.18. Full system shown for 50% PMMA 50%[BMIM][PF6] .............................56

iv

Figure A.19. PMMA shown for 50% PMMA 50%[BMIM][PF6] ....................................57
Figure A.20. IL shown for 50% PMMA 50%[BMIM][PF6] (back side) ..........................57
Figure A.21. Full system shown for 75% PMMA 25%[BMIM][PF6] .............................58
Figure A.22. PMMA shown for 75% PMMA 25%[BMIM][PF6] ....................................58
Figure A.23. IL shown for 75% PMMA 25%[BMIM][PF6] (back side) ..........................59
Figure A.24. Full system shown for 99% PMMA 1%[BMIM][PF6] ...............................59
Figure A.25. Full system shown for 1% PMMA 99%[BMIM][TfO]...............................60
Figure A.26. Full system shown for 50% PMMA 50%[BMIM][TfO].............................60
Figure A.27. PMMA shown for 50% PMMA 50%[BMIM][TfO] ...................................61
Figure A.28. IL shown for 50% PMMA 50%[BMIM][TfO] (back side) .........................61
Figure A.29. IL shown for 75% PMMA 25%[BMIM][TfO] ..........................................62
Figure A.30. PMMA shown for 75% PMMA 25%[BMIM][TfO] ...................................62
Figure A.31. IL shown for 75% PMMA 25%[BMIM][TfO] (back side) .........................63
Figure A.32. PMMA shown for 99% PMMA 1%[BMIM][TfO] .....................................63
Figure A.33. Radius of Gyration for PMMA for a 50% Polymer 50% Ionic Liquid
composition ........................................................................................................................64
Figure A.34. Radius of Gyration for PMMA for a 99% PMMA 1% Ionic Liquid
composition ........................................................................................................................64
Figure A.35. RDF between polymer – anion for a 1% PMMA 99% ionic liquid
composition ........................................................................................................................65
Figure A.36. RDF between polymer – anion for a 50% PMMA 50% ionic liquid
composition .......................................................................................................................65

v

Figure A.37. RDF between polymer – anion for a 99% PMMA 1% ionic liquid
composition ........................................................................................................................66
Figure A.38. Relationship between probability and the coordination number for
75%PMMA 25%[BMIM][TfO].........................................................................................67
Figure A.39. Relationship between probability and the coordination number for
99%PMMA 1%[BMIM][TfO] ..........................................................................................67
Figure A.40. Relationship between probability and the coordination number for
1%PMMA 99%[BMIM][Cl] .............................................................................................68
Figure A.41. Relationship between probability and the coordination number for
50%PMMA 50%[BMIM][Cl] ...........................................................................................69
Figure A.42. Relationship between probability and the coordination number for
75%PMMA 25%[BMIM][Cl] ...........................................................................................70
Figure A.43. Relationship between probability and the coordination number for
99%PMMA 1%[BMIM][Cl] .............................................................................................71
Figure A.44. Relationship between probability and the coordination number for
1%PMMA 99%[BMIM][NTf2] .........................................................................................72
Figure A.45. Relationship between probability and the coordination number for
1%PMMA 99%[BMIM][PF6] ...........................................................................................73
Figure A.46. Relationship between probability and the coordination number for
1%PMMA 99%[BMIM][TfO] ..........................................................................................74
Figure A.47. Relationship between probability and the coordination number for
50%PMMA 50%[BMIM][TfO].........................................................................................75

vi

Figure A.48. Relationship between probability and the coordination number for
75%PMMA 25%[BMIM][TfO].........................................................................................76
Figure A.49. Relationship between probability and the coordination number for
99%PMMA 1%[BMIM][TfO]...........................................................................................77

vii

ABSTRACT

Ionogels are polymer networks swollen by ionic liquids (ILs). They are used for
electrochemical devices (lithium-ion batteries, thin-film transistors, and fuel cells) and as
permeation membranes for gas separation. The interactions and phase behaviors of an
ionic liquid (IL) in a polymer are the most important factor when building ionogels. The
molecular behavior between poly(methyl methacrylate) (PMMA) and 1-butyl-3methylimidazolium with four different anionic structures has been studied. The behavior
between ILs and polymers is governed by a complex mix of factors such as polymer
concentration, polymer and IL hydrophobicity, inter and intramolecular forces, and
temperature. Molecular simulations of different PMMA mass concentrations swollen in
ILs were employed to carry out this study. Radius of gyration was the unit of
measurement employed to quantify the evolution of the polymer throughout the
simulation. The Flory-Huggins theorem was used to evaluate the energy change of
mixing for each different system. IL cluster characterization, radial and spatial
distribution functions and a special type of hydrogen bonding would provide a more in
depth understanding of how the ILs interact with PMMA. Knowing the molecular
characterizations of these ionogels, such as how they cluster in solution or how the
energy of mixing changes, provides insight to the full potential these compounds possess
for applications in electrochemistry and gas separation.
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CHAPTER I
INTRODUCTION

1.1 Ionic Liquids
Ionic liquids (ILs) have attracted immense attention in the scientific community
due to their unique and useful properties. ILs are salts that are liquids below 100 ºC and
are composed of anions and cations. On account of their complexity, researchers have
studied and employed them for numerous applications. ILs exhibit idiosyncratic
properties such as nonflammability, negligible volatilities, high thermal and chemical
stabilities, and high ionic conductivities1. Thanks to their anion/cation composition, ILs
have a wide variety of uses2, they can be used as electrochemical solvents 3, as green
replacements for organic solvents4, as antistatic agents for polymers5, as plasticizers6, as
membranes7, and also as absorbents. In more specific fields, ILs have use in chemical
synthesis, fuel cells, catalysis, gas-separation membranes polymer electrolytes, and
batteries8. Additionally, ionic liquids possess the remarkable property of “tunability,”
they can be altered and controlled in order to acquired desired properties, such as melting
point, density, or viscosity, by changing either the cationic or the anionic part, which can
lead to, for example, the improvement of novel materials 9.
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Figure 1.1. Structures of Ionic Liquids10.

There is a very large number of combinations of anions and cations that can be
used to form ILs. Some of the most commonly used cations are imidazolium-based
monocationic ILs (MILs) with one imidazolium ring cation associated with one anion 9.
Ionic liquids behave different depending on what they are interacting with and how they
are being changed. Alkyl length size may or may not play a major role on the interactions
between a polymer and an IL, for example a poly-(ethylene oxide) (PEO) /IL system was
subject to stronger interaction changes by modifying the anion rather than the cation or
alkyl length structures9. This is one of the reasons studying ILs and polymers is of
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importance; with the infinite amount of ILs and all the different polymers, a lot of
combinations are possible, with a wide variety of properties.

1.2 Ionogels
A gel is a solid interconnected network spreading throughout the liquid phase.
Ionogels serve as materials that unify the properties of both solid and liquid components,
keeping the main properties of ILs. Ionogels are classified into 2 main categories:
physical and chemical gels. Physical gels are the ones formed by physical or noncovalent interactions like hydrogen bonding. Chemical gels are formed by covalent
interactions and a matrix material. Chemical gels are classified into 3 categories:
inorganic, organic and hybrid. Inorganic ionogels are produced via gelation of an ionic
liquid with silica or confinement of ionic liquids in matrices. Organic ionogels are formed
as a result of immobilization of ionic liquids in polymer matrices or by using low
molecular weight organogelators. Polymer based ionogels have been formed through insitu polymerization, swelling, or blending. Hybrid ionogels are formed as a result of
combination of polymer matrices, nano fillers, and ionic liquids 11.
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Figure 1.2. Polymer Based Ionogel11.

The polymer/ionic liquid based ionogel consists of polymer matrix as a
continuous phase and ionic liquid as a dispersed phase. The ILs act as plasticizing agents
in this type of gels making them flexible by weakening the polymer chains. With enough
pressure, the gel could also become porous. Polymer based ionogels have applications in
actuators, sensors, fuel cells and solar cells. Lightness, flexibility, resistance, and
durability are all properties of polymer based ionogels that makes them employed in
many fields12. In the thermodynamics part, ionogels display stability, heat resistance and
high conductivity12. These remarkable properties have allured researchers to further
explore these ionogels. The polymer involved in the construction of ionogels plays a
crucial role on the function of the gel. For example, polytetrafluoroethylene (PTFE)
ionogel is used for the removal of lactic acid from fermentation broth. Another example
would be polyethersulfone (PES) ionogel, which is used for the separation of carbon
dioxide from gaseous mixtures of oxygen, nitrogen, and methane 11.
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1.3 Background and Purpose
Poly(methyl methacrylate), or PMMA, is a polymer that has many applications in
today’s world. PMMA is a transparent and rigid thermoplastic material with a high
resistance to UV radiation. It is also lighter than many other polymers and with a much
better impact resistance. Because of these exceptional properties PMMA is often used in
textiles such as sweaters and socks, as a material for lenses, as an alternative material for
objects typically made of glass, and for transparent product displays like phone cases.
Additionally, it is used as a building material for example as part of greenhouses 13.
The interaction of PMMA with different ILs has been the subject of several studies.
In one study, the solubility of PMMA in imidazolium based ILs was found to be mainly
affected by the choice of anion and the hydrophobicity as opposed to the alkyl chain length
of the cation14. Although the anion has more of an effect on the affinity of the IL, the cation
plays a major role by providing a low-polarity environment adequate to dissolve PMMA.
The purpose of this project is to provide a more in depth analysis of the molecular
interactions between PMMA and four different Ionic Liquids. We are trying to provide a
graphical and quantitative analysis on how these two components interact with each other
as the composition of each changes. This is important because the properties of the ionogel
vary depending on how well the polymer and the ionic liquid interact. For example, the
flexibility depends on how the ionic liquid attacks the polymer, therefore depending on the
affinity, the ionogel might be very flexible or not flexible at all 11.
We expect that the most hydrophobic compound to be the most compatible with
PMMA15,16. From previous experiments, it was found that PMMA is not compatible with
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certain ionic liquids like [EMIM][BF4]17; the anions and cation that will be employed in
this experiment have been chosen from previous works that narrowed down the options. It
has been discovered that from all the 1-alkyl-3-methylimidazium-based ionic liquids,
[BMIM] was the best cation. Based on this information, we will hold the cation constant,
[BMIM]18, and we will vary the anion between 4 different options: [NTf 2], [PF6], [TfO]
and [Cl]. Through a number of parameters, we will be able to provide a molecular-level
analysis between the polymer and the ILs, which will eventually serve as a base for future
PMMA ionogels related experiments.

7

CHAPTER II
METHODS

2.1 Simulation Details
The LAMMPS package19 was used to carry out molecular dynamics (MD)
simulations. For Poly(methyl methacrylate), the OPLS-AA framework 20 was used to
define the inter and intra molecular interactions dictated by bonds, angles, dihedrals, and
interaction sites (Figure 2.1). These forces, which include Coulomb and van der Walls
interactions, occur due to partial charges and dipole moments in the atoms, they cause
attraction and repulsion between non-bonded atoms. For [BMIM], [NTf 2], [PF6] and
[TfO] we used models that are compatible with the OPLS-AA framework that were
created by Canongia Lopes et al21,22. The Cartesian coordinates of one unit of PMMA
was, for simplicity, constructed in a 2-dimensional plane based on the bond lengths
between each molecule. A 52-unit strand was then constructed by replicating this one unit
in space using a simple Visual Basic script and capping both ends of the strand with
hydrogen atoms. Each anion and cation was also created in a 2-dimensional plane for the
sake of simplicity. Upon simulation in LAMMPS, the force fields were responsible for
enforcing the 3D stereochemistry of each of the molecules.
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Figure 2.1. OPLS-AA Inter and Intra molecular forces calculation.

Figure 2.2. Chemical structure of (a) the repeat unit of PMMA, (b) BMIM, (c) Cl, (d)
PF6, (e) TfO and (f) NTf2.
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The SHAKE algorithm23 was used to deal with internal constraints present in
BMIM. For the first part of the project, four different boxes were created containing one
strand of 52-units PMMA and the rest filed with each IL. The strands were placed
strategically across the box and each box had a dimension of 62 Å by 62 Å by 138 Å.
PACKMOL24 was used to fit the molecules for initial state conditions. These simulations
ran for 300 nanoseconds. For the second part of this research, we prepared a total of 12
simulations with different percent composition of PMMA. We created a box with 50%,
75% and 99% PMMA and the rest a corresponding Ionic Liquid. These simulations ran
for 100 nanoseconds. The details of each of the simulations are given in Table 1. A 21
compression and relaxation steps was performed on the PMMA molecules to deal with
the intrinsic micro porosity characterized by rigid backbones that inhibit space efficient
packing25. Each step involved setting either pressure or temperature constant and altering
the other value. The data collected shows the positions of each atom in the box as time
progresses. Each system was then equilibrated in the isothermal-isobaric (NPT) ensemble
for 30 ns at 400 K and 1 atm. Data was produced every 0.2 ns.
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[PMMA][Cl]
[PMMA][NTf2]
[BMIM][PF6]
[BMIM][TfO]

Mass Fraction
PMMA
PMMA Molecules
IL Pair
PMMA Molecules
IL Pairs
PMMA Molecules
IL Pairs
PMMA Molecules
IL Pairs

1%

50%

75%

99%

1
1986
1
1089
1
1551
1
1431

34
1032
40
490
39
713
38
680

53
526
57
234
56
341
56
329

72
20
72
11
72
15
72
14

Table 2.1. Detailed breakdown of the simulations in this study

2.2 Parameters
To give us an idea of how the systems are evolving, visual representations of the
simulations were obtained. These representations show the current state of each
simulation at the very last nanosecond they ran for. This will be helpful to visualize and
physically understand how each molecule is behaving. Although these representations are
helpful to understand each system, more adequate measurements are needed since it is
hard to describe how they are interacting by just observing the location of each ion.
Firstly, we will focus on the PMMA behavior using the radius of gyration (R g). In dilute
polymer solution, the radius of gyration was only calculated for one molecule, while on
higher concentrations of PMMA, an average was obtained. The radius of gyration is a
radial distance measured from where the mass of the polymer is assumed to be
concentrated and at which the moment of inertia would be equal to the moment of inertia
of the actual mass26. The calculation consisted of obtaining the center of mass for each
atom on each different axis, and then taking the square root of the mass of each atom
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multiplied by the difference between the position of the atom at a determined time and
the center of mass also at a determined time. Figure 2.3 illustrates R g.

Figure 2.3. Radius of gyration (Rg) for a PMMA molecule. Oxygen is red,
hydrogen is white, and carbon is blue.

Once understood how the polymer is behaving, we will look at what is happening
between the IL and the polymer. The simulation box will run until it reaches equilibrium
and when this happens, the radius of gyration, as well as the interactions between anions,
cations, and polymers would be calculated. Radial Distribution Functions (g(r)) were
used to determine the density of a certain atom with respect to a reference atom. RDFs
were used to quantify the interactions between the most negative and the most positive
sites on the polymer and the ionic liquid. We ran RDFs on every single negative-positive
pair site between the polymer and IL, and we reported where we see the strongest
interactions. RDFs were calculated using the VMD Radial Pair Distribution Function
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tool. In order to obtain a visual representation of the density of each atom close to
reference atom, Spatial Distribution Functions were utilized. Specifically, SDFs were
used to visually represent the density of the anion on the polymer. The SDFs were
obtained and smoothed through a series of programs that rotate the system and generate a
Gaussian cube.
RDFs and SDFs only showed anion-polymer interactions from the chosen sites.
The polymer could also be approached from a different site, which lead us to explore
hydrogen bonding. True hydrogen bonds, where the distance is smaller than 3 Å and the
cut off angle smaller than 20°, were not possible between the compounds explored in this
work. To quantify for weak hydrogen bonding, we explored the bonding of ILs with
hydrogens from the PMMA based on different parameters. Our weak hydrogen bonding
parameter measured the amount of bonds between a hydrogen and the IL with a distance
smaller than 3.2 Å and a cut off angle smaller than 60°. Experimentation was made with
different angles, however 60° allowed us to better compare the weak hydrogen bonding
between the different ILs.
Interactions between PMMA and ILs are a big focus on this research, but due to
the nature of ILs, interactions between anion-cation were explored, specifically on how
they cluster. RDFs played a crucial role in cluster analysis because they defined the
distance parameter for a molecule to be within cluster range. The ILs are not the same
size, so the radial measure is going to be different for each one. The coordination number,
the largest cluster, and the average cluster size were obtained and compared between
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every IL combination and PMMA concentration. The coordination number is defined as
the total number of neighbors of a central atom in a molecule or ion 27.

Figure 2.4. Coordination number of 8 for the central atom 28.

All of the parameters studied so far have been physical, which lead to the decision
of exploring more thermodynamic properties, such as energy changes. The FloryHuggins theorem is a lattice thermodynamic model that predicts the changes of free
Gibb’s energy of mixing between a polymer and a solvent. The model considers the
dissimilarity in molecular sizes to accurately calculate the entropy of mixing. From
Figure 2.5, 𝑛 is the number of moles for the solvent, 𝜑 is the volume fraction of the
solvent, 𝑛 is the number of moles for the polymer, 𝜑 is the volume fraction of the
polymer, and 𝑋

is the polymer-solvent interaction parameter. The first two terms in the

parenthesis take into the molecular size dissimilarity. The last term takes into account the
interspersing polymer and solvent molecules changes of energy. 𝑋
from the Hildebrand solubility parameters.
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can be estimated

∆𝐺 = 𝑅𝑇[𝑛 𝑙𝑛𝜑 + 𝑛 𝑙𝑛𝜑 + 𝑛 𝜑 𝑋 ]
Figure 2.5. F-H theorem.
The F-H theorem was used to calculate the change in energy of mixing between
PMMA and each IL. The Hildebrand solubility parameters of each molecule were used to
estimate the interaction parameter. Ionic Liquids are different from common solvents
since they possess an anion and a cation. Because of this complexity, the Hildebrand
solubility parameter has been proposed to be divided into a polar (𝛿P) and a nonpolar
parameter (𝛿NP)29. Due to the nature of PMMA, nonpolar parameters would be used.
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CHAPTER III
RESULTS AND DISCUSSIONS

3.1 Visual Representations
The visual representations on this section, are captures of how the system looks
after running for a determined amount of time: 300 nanoseconds for infinite PMMA
dilution or 100 nanoseconds for the higher PMMA concentrations. These pictures capture
a moment in time in the simulation, as they show positions of the polymers and the ionic
liquids. It is important to understand that the simulations are not still, and they only show
a specific moment. For infinite dilution only one representation for each IL is available:
the polymer alone. For 50% and 75% PMMA three representations are available: the full
system, the polymer alone, and the ionic liquid from two different perspectives. For 99%
PMMA two representations are available, the full system and the ionic liquid. Some
representations would be shown on the following sections and some of them would be
displayed in the Appendix. The representations work as follows: PMMA is dark blue,
BMIM is red, Cl is cyan, NTF2 is pink, PF6 is green and TfO is black. The captures were
made using the VMD software.

3.1.1 Infinite Dilution of Polymer
For the infinite dilution of poly(methyl methacrylate), the PMMA molecule is
analyzed rather than the whole system (images available at the Appendix). From Figure
3.1, the PMMA molecule is stretched out, it does not show a lot of contraction. The
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[BMIM][CL] system is too slow, inhibiting the analyzes of the mentioned. In order to
observe how the system would evolve, more simulation time is required. An explanation
of the behavior of the PMMA molecule would be that since [BMIM][Cl] is the system
with more molecules, and [Cl] is completely negative, it inhibits the movement of the
PMMA, the forces within the ILs do not let the PMMA molecule evolve. In Figure 3.2,
the PMMA molecule seems to be mostly contracted except for a little ‘tail’. In Figure 3.3,
the PMMA molecule seems to be curled up by sections, it is not a big, constrained
molecule, it has sections where it is not contracted at all, and section where it is all
contracted. In Figure 3.4, it is hard to tell due to the angle that the molecule is at this
time, however it would be valid to say that the molecule is more contracted than the one
on the [BMIM][PF6] system. It is hard to compare the [BMIM][TfO] system and the
[BMIM][NTf2] system since it is a different kind of contracted. The [BMIM][NTf 2]
PMMA molecule seems to be more compact within the contraction, contrary to the
[BMIM][TfO] system where contracting seems to be more spread. In general, the
position of the polymer at a specific time is analyzed. Although this gives us an idea of
how it is behaving, a more appropriate characterization is needed, such as the radius of
gyration, which will be explored in section 3.1.2.
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Figure 3.1. PMMA shown 1% PMMA 99% [BMIM][Cl].

Figure 3.2. PMMA shown for 1% PMMA 99%[BMIM][NTf2].

Figure 3.3. PMMA shown for 1% PMMA 99%[BMIM][PF6].

Figure 3.4. PMMA shown for 1% PMMA 99%[BMIM][TfO].
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3.1.2 Equal Concentration of Polymer and Ionic Liquid
For the equal concentration of PMMA and IL, the position and behavior of the
ionic liquid was analyzed. Hence, Figures 3.4 – 3.8 show where the IL is located, while
the PMMA is omitted. The full system and other interpretations are available in the
Appendix. The front side of the simulation box is shown on the mentioned figures. All
the systems have a big cluster to the left side of the box, it seems to be bigger for
[BMIM][Cl], then [BMIM][TfO], then [BMIM][PF6] and finally [BMIM][NTf2]. The one
thing that is differentiable between these systems, is the amount of ‘empty’ space.
[BMIM][NTf2] has the most ‘empty’ space, followed by [BMIM][PF6] then
[BMIM][TfO] and then [BMIM][Cl]. This could be attributed by the number of particles
on each system, or on how well each IL is distributed all over the box. We can conclude
that [BMIM][NTf2] is the most distributed IL at this concentration, is the one is the one
that is more attracted to PMMA rather than to itself. Although a visual conclusion can be
made, a more precise measurement or characterization is needed. Cluster analysis are
explored in the next sections.

19

Figure 3.5. IL shown for 50% PMMA 50%[BMIM][Cl] (front side).

Figure 3.6. IL shown for 50% PMMA 50%[BMIM][NTf2] (front side).

Figure 3.7. IL shown for 50% PMMA 50%[BMIM][PF6] (front side).

Figure 3.8. IL shown for 50% PMMA 50%[BMIM][TfO] (front side).
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3.1.3 75% Concentration of Polymer over Ionic Liquid
For a higher concentration of PMMA in the system, we have also decided to only
analyze the IL. The system and extra captures are available on the Appendix. It is
important to point out that at 50% and at 75% PMMA, a big IL cluster is formed to the
left of the system, while the rest is spread out. It is also noticeable that the [BMIM][NTf 2]
has again more ‘empty’ space, indicating the best distribution throughout the system, it is
more attracted to the PMMA than the other ILs. From Figure 3.12, we can see a
particular chaining in [BMIM][TfO], the IL seems to be connected on long strings when
it exits the big cluster, forming almost a line of IL. Once again, the visual trends shown in
the figures have to be analyzed more in depth by parameters such as number of clusters
or largest cluster, which are analyzed in future sections.
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Figure 3.9 IL shown for 75% PMMA 25%[BMIM][Cl] (front side).

Figure 3.10 IL shown for 75% PMMA 25%[BMIM][NTf2] (front side).

Figure 3.11 IL shown for 75% PMMA 25%[BMIM][PF6] (front side).

Figure 3.12 IL shown for 75% PMMA 25%[BMIM][TfO] (front side).
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3.1.4 Diluted Ionic Liquid
For the infinite dilution of Ionic Liquid, we will pay close attention to the IL.
Figures 3.13 - 3.16 show the little IL present on each system. There are very little IL
connected but there are still some trends. On Figure 3.13, 3.15 and 3.16, there seems to
be at least one group of 3 [BMIM][Cl]/[PF6]/[TfO], while on Figure 3,14, the biggest
group is made of two [BMIM][NTf2]. It is hard to draw conclusions from these visual
representations since there are very little IL molecules. It is important to remember that
these pictures are just for a moment in time, and on the next nanosecond they would be
on different positions. The whole purpose of visual representations is to give us an idea of
how the polymer or the IL is behaving. From visual representations of the status of each
system, not precise conclusions could be made; hence, in future sections, more detailed
parameters such as coordination number or average number of clusters, would help us
understand how really the ionic liquids are interacting with each other.
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Figure 3.13 IL shown for 99% PMMA 1%[BMIM][Cl].

Figure 3.14 IL shown for 99% PMMA 1%[BMIM][NTf2].

Figure 3.15 IL shown for 99% PMMA 1%[BMIM][PF6] .

Figure 3.16 IL shown for 99% PMMA 1%[BMIM][TfO].
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3.2 Parameter Evaluation

3.2.1 Radius of Gyration
The radius of gyration (Rg) was calculated for the polymer rather than for the IL.
The radius of gyration is a measurement that is strongly influenced by how attracted the
IL is to the polymer. If the polymer is not strongly attracted to the IL, it would have a
lower Rg because it would prefer to interact with itself, contracting. Based on Figure 3.17,
[BMIM][Cl] system produces the highest Rg followed by [BMIM][PF6], and then
[BMIM][NTf2] and [BMIM][TfO], who seem to produce about the same value. Figure
3.17 provides this measurement for infinite polymer dilution. It is important to note that
the value is not constant, it fluctuates. [BMIM][Cl] polymer R g does not seem to be
fluctuating, and the reason is because of the interactions between the anion and the cation
in the IL, they are strong since Cl- possesses the whole negative partial charge; hence
these interactions do not let the PMMA molecule evolve, it is a very viscous IL. The
fluctuation on the rest of the IL happens most likely due to the system not reaching
equilibrium. Due to the high amount of IL, the polymer cannot seem to stabilize itself,
generating different Rg at each timestep.
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Figure 3.17. Radius of Gyration for PMMA for Infinite Polymer Dilution

Figure 3.18 shows the average Rg for a PMMA concentration of 75%. The
average Rg for the other two concentrations is available in the Appendix. First thing that
is noticeable is that the lines do not fluctuate as they do in infinite polymer dilution.
These simulations with more amounts of polymer molecules reach equilibrium faster.
This most likely occurs because there are not many charges going around the system, and
the molecules are able to stabilize. For the 75% PMMA concentration, [BMIM][Cl]
produces the highest Rg, followed by [BMIM][NTf2], [BMIM][PF6] and [BMIM][TfO].
[BMIM][Cl] produces the highest value due to the same mentioned factors. At this
concentration, the polymer interacts with each IL according to their hydrophobicity. It is

26

interesting to note that at 50% PMMA concentration, the trend is completely opposite.
[BMIM][TfO] has the greatest Rg and [BMIM][Cl] has the smallest one.

Figure 3.18 Radius of Gyration for PMMA for a 75% PMMA 25% ionic liquid
composition.

27

3.2.2 Radial Distribution Functions
Radial Distribution Functions were calculated between the polymer and the anion.
RDFs were calculated as well for the polymer and the cation in each IL, but since the
cation was held constant, the results did not show a significant amount of difference to be
reported. RDFs allowed us to ascertain where the atoms concentrate, where are the sites
in the polymer and in the anion that the interactions happen the most. For PMMA, the
methyl carbon attached to the ester group was found to be the ‘positive’ site, where the
anion approaches. Chloride from [Cl-], fluorine from [PF6-], oxygen from [NTf2-] and
oxygen from [TfO-] were the sites that had biggest chances of being around the polymer
interaction site (Figure 3.20.).

Figure 3.19 RDF between polymer – anion for a 75% PMMA 25% ionic liquid
composition.
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Figure 3.20. Interaction sites.
Figure 3.19 shows the RDFs at a 75% PMMA concentration. The highest one is peak
comes from the [BMIM][Cl] system, followed by [BMIM][NTf 2], [BMIM][PF6] and
[BMIM][TfO]. The trend is the same as the hydrophobicity scale, except for
[BMIM][Cl]. The RDFs show the probability of a molecule being near a molecule.
[BMIM][Cl] has the highest number most likely because there are a significant amount
more of IL atoms in this simulation than in the rest of them. [BMIM][NTf 2] has the least
amount of IL molecules from the all the simulations, and it is the second highest peak. It
is also evident that [BMIM][Cl] distribution function spikes after the other ILs. The other
ILs are at a shorter distance from the polymer than [BMIM][Cl] is. The other
concentrations follow the same trend, with [BMIM][Cl] as the highest peak and
[BMIM][TfO] as the lowest peak. The g(r) values are the greatest for 1% PMMA
concentration, followed by 75% PMMA concentration, 99% PMMA concentration and
50% PMMA concentration. The RDFs for the other concentrations are available in the
Appendix.
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3.2.3 Spatial Distribution Functions

(a)

(b)

(c)

(d)

Figure 3.21 Spatial Distribution Function between the anions and PMMA. (a) cyan is for
Cl, (b) pink is for NTf2. (c) green is for PF6 and (d) black is for TfO.
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Spatial distribution functions are obtained to show a representation of the density
of an atom near another atom. They are helpful in understanding where the interactions
are happening. Figure 3.21 shows the SDFs between the partial positive site of the
polymer and the partial negative site of the anion. First thing to notice, is that the [NTf 2-]
cloud is bigger than the rest of them, more molecules of this anion are around the
polymer than any of the other anions. This IL is also approaching the polymer from the
other site, it does not only feel attraction to the most positive site of the polymer. The
PMMA and the IL have both partial charges that produce that result on this type of
attractions. [Cl-] produced the next big cloud, but there is a lot of interference on this
SDF. It has a lot of ‘noise,’ which can be seen by the fragments surrounding the PMMA
molecule. This is the result of [BMIM][Cl] not being as attracted to the polymer as the
other ILs. Since it does not feel as attracted, it is further away, not producing a clear SDF.
SDFs show that the most hydrophobic IL is the with the highest probability of being
close to the PMMA, and the least hydrophobic IL is the one with the lowest probability
of being close to the PMMA.
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3.2.4 Weak Hydrogen Bonding

Figure 3.22. Normalized hydrogen bond probability between the anion and the polymer
for 75% PMMA concentration.

Figure 3.23. Normalized hydrogen bond probability between the anion and the polymer
for 99% PMMA concentration.
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Weak hydrogen bonding was quantified between the anions and PMMA to give a
better understanding to these interactions. The parameters to determine our hydrogen
bonding was a distance smaller than 3.2 Å and a cutoff angle of 60°. The atoms that were
tested for hydrogen bonds in each anion are chlorine for [Cl -], and fluorine for [NTf2-],
[PF6-] and [TfO]. [Cl-] did not form a single hydrogen bond in any of the concentrations.
This supports the previous statement that this IL does not feel strongly attracted to the
PMMA, it is more attracted to itself. As shown in figure 3.22, [NTf 2-] has the highest
probabilities of forming a bigger number of hydrogen bonds. [PF 6-] has a bigger chance
of forming less hydrogen bonds than [NTf2-]. [TfO] has the smallest probabilities of
forming a relatively high number of hydrogen bonds. This behavior is repeated in 1%,
50% and 75% PMMA concentrations. At a 99% PMMA concentration, [PF 6-] has the
biggest chances of making more bonds, followed by [TfO] and lastly [NTf 2-]. At really
low IL mass concentration, there are relatively less [NTf2-] molecules, which is the
reason the hydrogen bonding trend is different. Despite the lower number of molecules,
[NTf2-] managed to form the most hydrogen bonds in every other concentration, showing
that is the most attracted to the PMMA.
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3.2.5 Cluster Characterization

Figure 3.24. Relationship between probability and the coordination number for a
1%PMMA 99%[BMIM][NTf2] (left) and [BMIM][PF6] (right).
Cluster characterization between the anion-cation was performed to understand
how they behave in solution. RDFs were used to obtain the appropriate distance to
calculate the coordination number. This was done by using the center of mass of the
anion and the cation and running RDFs between them, then the trough distance, rather
than the crest distance of the wave, was used to characterize the clusters. This number
would tell what the probabilities are of finding an anion/cation closer to another
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anion/cation. This section of the results focuses only on anion-cation interactions. Figure
3.24 shows the coordination number and the probabilities for the two most hydrophobic
species, at infinite polymer dilution. It is most likely for [BMIM][NTf 2] to have a
coordination number of 6, with a 41% chance. [BMIM][PF 6] is more likely to have a
coordination number of 6, with a 48% chance. [BMIM][Cl] has the greatest chance of
having a coordination number of 6 as well, with a 43%. [BMIM][TfO] has the greatest
chance of having a coordination number of 4, at a 43% chance. At this concentration,
[BMIM][TfO] is the one with the lowest number of neighbors. Cluster evaluation at
infinite polymer dilution is not accurate since it is all a big cluster.
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Figure 3.25. Relationship between probability and the coordination number for a
50%PMMA 50%[BMIM][NTf2] (left) and [BMIM][PF6] (right).
Figure 3.25 focuses on an equal PMMA-IL concentration. [BMIM][NTf 2] has the
best possibilities of having the lowest amounts of neighbors. While the other three ILs
have the greatest chance of having a coordination of 6, [BMIM][NTf2] has a very similar
probability of having a coordination number of 4, 5 and 6. [BMIM][PF 6] has a better
chance of having a coordination number between 5 and 6, [BMIM][Cl] has a better
chance between 5 and 6, same as [BMIM][TfO]. Hence, [BMIM][PF6] is the second one
with the probability of having a lower number of neighbors, while the other two ILs show
a very similar behavior, the behavior shifts according to the hydrophobic nature of the
ILs.
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Figure 3.26 follows the same trend as figure 3.25. At 75% PMMA,
[BMIM][NTf2] has a very good chance of having between 2 to 4 neighbors, while
[BMIM][PF6] has a bigger chance of having between 3 and 6 neighbors. [BMIM][Cl] a
bigger chance of having between 4 and 5 neighbors, and [BMIM][TfO] has a bigger
chance of having 5 neighbors. At infinite IL dilution, [BMIM][NTf 2] would have the
probability of having least number of neighbors, followed by [BMIM][PF 6],
[BMIM][TfO] and [BMIM][Cl]. Overall, [BMIM][NTf2] systems showed to have the
least amount of IL molecules near each other for almost every single concentration, in
comparison to the other IL systems. [BMIM][PF6] is the one that follows [BMIM][NTf2],
except at 75% PMMA concentration. [BMIM][Cl] and [BMIM][TfO] had very similar
behaviors.
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Figure 3.26. Relationship between probability and the coordination number for a
75%PMMA 25%[BMIM][NTf2] (left) and [BMIM][PF6] (right).
Largest cluster size, average cluster size and average number of clusters were
calculated. These values were divided by the number of ions present on each simulation,
to provide a more comparable measurement. According to Figure 3.24, at 1% PMMA
concentration, the ratio is the same for every IL. At 50% and 75%, the ratio is very
similar, except for [BMIM][Cl]. As shown in the visual representations, all ILs formed a
big cluster, which is the reason the ratio does not change as much. [BMIM][Cl] is an
exception because the cluster breaks into two, due to the intermolecular forces present in
this IL. When the cluster is divided into 2, the largest cluster size decreases, producing
that noticeable change. The largest cluster size slightly decreases as PMMA
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concentration increases. The ILs form around the same size big cluster each time, even
when the system is 75% PMMA. PMMA does not seem to have a lot of interactions with
the IL. Previous results have shown that [BMIM][NTf2] has had the more favorable
interactions with PMMA, but that does not necessarily mean that they are strongly
attracted to each other.

Figure 3.27. Largest cluster divided by the number of ions for different PMMA mass
concentrations.
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Figure 3.28. Average cluster size divided by the number of ions for different PMMA
mass concentrations.

Figure 3.29. Average number of clusters for different PMMA mass concentrations.
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The average cluster size ratio shows a peculiar characteristic for [BMIM][NTf 2].
This IL has shown strong interactions with the polymer, but at 50% it has the biggest
average cluster size. At this concentration, [BMIM][NTf2] is forming on average 1
cluster, while the rest of the IL is thoroughly spread out through the system that it does
not form more clusters, providing the same average as the one produced in the smallest
PMMA concentration. For 50%, [BMIM][Cl] produces one cluster with a noticeable
variation in size, while the other two ILs produce smaller clusters throughout the systems.
At a 75% and 99% PMMA concentration, the four different ILs have around the same
average cluster size to number of ions ratio. According to Figure 3.29, at 75% all the ILs
formed the most clusters. At the mentioned concentration, the system is dominated by
polymer-polymer interactions, which leads to the creations of more ILs clusters.
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3.2.6 Flory-Huggins Thermodynamic Model

Figure 3.30. Energy of mixing as a function of PMMA mol concentration.

Figure 3.31. Zoom in on Figure 3.26.
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Once analyzed physical properties, we decided to include an energy analysis.
Figures 3.30 and 3.31 show the change of energy associated with mixing between the
polymer and the solvent, in this case, the different ILs. The mixing change of energy in
this simulation is very small due to the small number of molecules that are being used.
All the changes of energy are negative which is characteristic of spontaneous reactions.
The energy change associated with the mixing between [BMIM][Cl] and PMMA is
clearly less than the rest of the ILs, mixing is not favorable with this IL. While the rest of
the ILs have very similar changes in energy, [BMIM][NTf 2] has the biggest change,
followed by [BMIM][PF6] and [BMIM][TfO]. The graph shows a value of one at 0% and
at 1%PMMA. When the polymer and reactants have not formed a homogeneous solution
and they are completely separate, there is no change in energy. The biggest change of
energy occurs at a PMMA concentration of 0.53, for all the ILs. Between 0.6 and 0.7
PMMA concentration, the curve turns concave down. The model predicts liquid-liquid
immiscibility at this range of concentrations. Overall, interactions between
[BMIM][NTf2] and PMMA are the most favorable since it produces the biggest change
of energy.
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CHAPTER IV

CONCLUSIONS
The interactions and behaviors between [BMIM][Cl], [BMIM][NTf 2],
[BMIM][PF6] and [BMIM][TfO], and PMMA were studied through molecular dynamics.
The radius of gyration showed how viscous the [BMIM][Cl] ionic liquid, and how it
would not let the PMMA evolve. For infinite dilution, the polymer was not able to obtain
equilibrium, while for higher PMMA concentrations, the system reached equilibrium
after a short time. Radial distribution functions showed where the anion-polymer
interactions occurred. RDFs with SDFs, showed that [NTf 2-] was the one that had the
highest density around the partial positive site of the polymer. RDFs and SDFs also
showed that [Cl-] stayed further away from the PMMA than the other ILs, it had the
biggest radial distance from the carbon attached to the ester in the polymer. They also
showed that [PF6-] had lower densities around the polymer, followed by [TfO]. In
general, [NTf2-] had the least amount of IL neighbors, commonly followed by [PF 6-].
Cluster characterization showed that even though there exists attraction between the
studied ILs and the polymers, it is not very strong, PMMA does not have a strong
interaction character. The F-H theorem showed that [BMIM][Cl] is the one that has the
least favorable interactions with PMMA, and [BMIM][NTf 2] interacts the most. Weak
hydrogen bonding confirmed the fact that [BMIM][Cl] does not interact strongly with
PMMA, since zero bonds were formed in all the concentrations. Weak hydrogen bonding
also showed that [NTf2-] is the anion that tends to be closer to PMMA, followed by [PF 6]
and [TfO]. The most hydrophobic IL has the more and the most favorable interactions
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with PMMA, which shows more a nonpolar character. Even though [BMIM][PF 6] and
[BMIM][TfO] did not show the most favorable interactions, some of the characterizations
provided could be useful for different purposes. The results presented in this research
may be useful for the constructions of ionogels to be applied to areas such as
electrochemistry or gas membranes.
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APPENDIX
Appendix A: Visual Representations

Figure A.1. Whole system shown for 1% PMMA 99%[BMIM][Cl]

Figure A.2. Full system shown for 1% PMMA 99%[BMIM][NTf2]
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Figure A.3. Full system shown for 50% PMMA 50% [BMIM][Cl]

Figure A.4. PMMA shown for 50% PMMA 50%[BMIM][Cl]
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Figure A.5. IL shown for 50% PMMA 50%[BMIM][Cl] (back side)

Figure A.6. Full system shown for 75% PMMA 25%[BMIM][Cl]
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Figure A.7. PMMA shown for 75% PMMA 25%[BMIM][Cl]

Figure A.8. IL shown for 75% PMMA 25%[BMIM][Cl] (back side)
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Figure A.9. Full system shown for 99% PMMA 1%[BMIM][Cl]

Figure A.10. Full system shown for 50% PMMA 50%[BMIM][NTf 2]
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Figure A.11. PMMA shown for 50% PMMA 50%[BMIM][NTf2]

Figure A.12. IL shown for 50% PMMA 50%[BMIM][NTf2] (back side)
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Figure A.13. Full system shown for 75% PMMA 25%[BMIM][NTf 2]

Figure A.14. PMMA shown for 75% PMMA 25%[BMIM][NTf2]
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Figure A.15. IL shown for 75% PMMA 25%[BMIM][NTf2] (back side)

Figure A.16. PMMA shown for 99% PMMA 1%[BMIM][NTf2]
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Figure A.17. IL shown for 1% PMMA 99%[BMIM][PF6]

Figure A.18. Full system shown for 50% PMMA 50%[BMIM][PF6]
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Figure A.19. PMMA shown for 50% PMMA 50%[BMIM][PF6]

Figure A.20. IL shown for 50% PMMA 50%[BMIM][PF6] (back side)
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Figure A.21. Full system shown for 75% PMMA 25%[BMIM][PF6]

Figure A.22. PMMA shown for 75% PMMA 25%[BMIM][PF6]
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Figure A.23. IL shown for 75% PMMA 25%[BMIM][PF6] (back side)

Figure A.24. Full system shown for 99% PMMA 1%[BMIM][PF6]
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Figure A.25. Full system shown for 1% PMMA 99%[BMIM][TfO]

Figure A.26. Full system shown for 50% PMMA 50%[BMIM][TfO]
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Figure A.27. PMMA shown for 50% PMMA 50%[BMIM][TfO]

Figure A.28. IL shown for 50% PMMA 50%[BMIM][TfO] (back side)
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Figure A.29. IL shown for 75% PMMA 25%[BMIM][TfO]

Figure A.30. PMMA shown for 75% PMMA 25%[BMIM][TfO]
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Figure A.31. IL shown for 75% PMMA 25%[BMIM][TfO] (back side)

Figure A.32. PMMA shown for 99% PMMA 1%[BMIM][TfO]
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Appendix B: Radius of Gyration

Figure A.33. Radius of Gyration for PMMA for a 50% PMMA 50% ionic liquid
composition.

Figure A.34. Radius of Gyration for PMMA for a 99% PMMA 1% ionic liquid
composition.
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Appendix C: Radial Distribution Functions

Figure A.35. RDF between polymer – anion for a 1% PMMA 99% ionic liquid
composition.

Figure A.36. RDF between polymer – anion for a 50% PMMA 50% ionic liquid
composition.
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Figure A.37. RDF between polymer – anion for a 99% PMMA 1% ionic liquid
composition.
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Appendix D: Weak Hydrogen Bonding

Figure A.38. Hydrogen bond probability between the anion and the polymer for 50%
PMMA concentration.

Figure A.39. Hydrogen bond probability between the anion and the polymer for 1%
PMMA concentration.
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Appendix E: Cluster Characterization

Figure A.40. Relationship between probability and the coordination number for
1%PMMA 99%[BMIM][Cl]
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Figure A.41. Relationship between probability and the coordination number for
50%PMMA 50%[BMIM][Cl]
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Figure A.42. Relationship between probability and the coordination number for
75%PMMA 25%[BMIM][Cl]
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Figure A.43. Relationship between probability and the coordination number for
99%PMMA 1%[BMIM][Cl]
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Figure A.44. Relationship between probability and the coordination number for
99%PMMA 1%[BMIM][NTf2]
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Figure A.45. Relationship between probability and the coordination number for
99%PMMA 1%[BMIM][PF6]
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Figure A.46. Relationship between probability and the coordination number for
1%PMMA 99%[BMIM][TfO]
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Figure A.47. Relationship between probability and the coordination number for
50%PMMA 50%[BMIM][TfO]
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Figure A.48. Relationship between probability and the coordination number for
75%PMMA 25%[BMIM][TfO]

76

Figure A.49. Relationship between probability and the coordination number for
99%PMMA 1%[BMIM][TfO]
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